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I.  INTRODUCTION 


A  major  technological  hurdle  for  optical  computing  and  optical  pattern 
recognition  is  the  current  state  of  performance  of  Spatial  Light  Modulators 
(SLMs).  A  SLM  is  a  device  that  yields  an  image  in  coherent  light  from  either 
an  incoherent  light  or  electrical  signal  input.  The  slow  response,  low  res¬ 
olution,  and  high  cost  of  spatial  light  modulators  are  currently  significant 
limitations  to  optical  computing  and  pattern  recognition. 

Some  spatial  light  modulators  have  a  pixelated  structure  whereas  others 
are  nonpixelated.  The  pixelated  devices  may  be  better  suited  for  optical 
computing  applications  because  of  the  ability  to  address  each  pixel  independ¬ 
ently,  forming  a  two-dimensional  array  of  logic  elements.  However,  the  pixe¬ 
lated  devices  have  limited  use  for  pattern  recognition/image  processing  appli¬ 
cations  because  the  electrode  grid  structure  of  the  pixelated  array  yields 
higher  diffraction  orders  which  are  difficult  to  utilize  in  the  Fourier  trans¬ 
form  plane.  Furthermore,  the  electrode  grid  structure  diminishes  the  effec¬ 
tive  area  of  the  modulator  which  decreases  the  optical  efficiency  of  the 
pattern  recognition  process  being  performed.  Therefore,  pixelated  SLMs  may 
be  better  suited  for  some  optical  computing  applications  while  nonpixelated 
ones  may  be  better  for  pattern  recognition  applications. 

Several  modulators  have  been  constructed  in  recent  years  which  potentially 
overcome  some  of  the  limitations  of  the  most  well-known  modulator,  the  Liquid 
Crystal  Light  Valve  (LCLV)  [1].  The  more  recent  devices  include  a  Modified 
Liquid  Crystal  Television  (MLCTV)  [2],  the  Litton/Semetex  Corporation  Magneto- 
Optical  Spatial  Light  Modulator  (MOSLM)  [3],  Texas  Instruments'  Deformable 
Mirror  Device  (DMD)  [4],  and  a  Ferroelectric  Liquid  Crystal  Modulator  [5]. 

This  report  attempts  to  present  a  realistic  outlook  for  the  future  of 
optical  computing  and  optical  pattern  recognition  by  briefly  presenting  the 
basics  of  promising  modulators  with  regard  to  their  response  times,  resolu¬ 
tion,  and  cost. 

The  construction  and  operating  characteristics  of  the  LCLV  will  be  pre¬ 
sented  first  as  the  baseline  of  comparison  used  throughout  this  report. 
Thereafter,  the  construction  and  operating  characteristics  of  four  devices, 
representative  of  the  current  state  of  the  art,  are  discussed  at  length  and 
compared  to  the  LCLV,  Some  novel  ideas  for  SLMs,  which  have  not  yet  reached 
the  same  level  of  development  as  the  more  recent  devices  discussed  in  this 
report,  are  mentioned  in  the  conclusion. 
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II.  THE  LIQUID  CRYSTAL  LIGHT  VALVE  (LCLV) 


The  basic  construction  of  Hughes'  LCLV  is  shown  in  Figure  1.  The  LCLV 
has  an  incoherent  image  impressed  upon  the  write  side  of  the  device.  A  co¬ 
herent  light  source,  such  as  a  laser,  is  used  to  illuminate  the  incident  read 
side  of  the  device.  The  light  reflected  from  the  read  side  of  the  dielectric 
mirror  contains  a  coherent  image  of  the  originally  incoherent  image  source. 

This  device  is  composed  of  a  Cadmium  Sulfide  (CdS)  photoconductive  sur¬ 
face  followed  by  a  Cadmium  Telluride  (CdTe)  light  absorbing  layer  on  the  input 
side,  commonly  referred  to  as  the  write  side,  of  the  device.  A  dielectric 
mirror  is  positioned  directly  against  the  CdTe  layer.  The  liquid  crystal  layer 
is  then  placed  toward  the  read  side  of  the  device  between  two  inert  insulating 
layers  of  SiC^*  The  above  assembly,  from  the  CdS  photoconductor  to  the  inert 
insulating  layer  on  the  read  side  of  the  device,  is  then  sandwiched  between 
two  transparent  electrode  surfaces  deposited  on  optically  flat  glass. 

Typical  operation  of  the  LCLV  requires  the  application  of  a  low  ac  voltage 
(as4-10  V)  at  about  1-5  kHz  across  the  electrodes.  The  combination  of  the  CdS 
and  CdTe  layers  creates  a  junction  diode.  The  dielectric  mirror  serves  three 
useful  purposes.  The  mirror  combined  with  the  CdTe  light  absorbing  layer  sep¬ 
arates  the  photoconductor  from  the  read  light  thereby  allowing  for  the  simul¬ 
taneous  writing  and  reading  of  the  device.  Secondly,  the  dielectric  mirror 
prevents  the  flow  of  dc  current  through  the  device  thus  prolonging  the  useful 
life  of  the  LCLV.  Finally,  the  reflectivity  of  the  device  can  be  maximized 
by  coating  the  mirror  for  any  portion  of  the  visible  spectrum  desired.  [6] 

The  most  fundamental  component  of  the  LCLV  is  the  liquid  crystal  layer. 

The  liquid  crystal  layer  (as2  urn  thick)  is  operated  in  what  is  commonly  re¬ 
ferred  to  as  a  hybrid  field  effect  mode.  The  hybrid  field  effect  mode  uti¬ 
lizes  conventional  twisted  nematic  electro-optic  effect  in  the  off-state 
(i.e.,  when  no  voltage  is  applied)  and  optical  birefringence  effect  for  the 
on-state  of  the  liquid  crystal.  The  implementation  of  the  hybrid  field  effect 
mode  requires  the  construction  of  the  liquid  crystal  layer  such  that  the 
liquid  crystal  molecules  are  preferentially  aligned  with  the  electrode  sur¬ 
faces.  The  preferentially  twisted  alignment  is  obtained  by  orienting  the 
electrode  surfaces  "so  that  the  direction  of  liquid  crystal  alignment  on  the 
two  electrode  surfaces  makes  an  acute  angle  with  respect  to  each  other."  [6] 

The  twisted  alignment  causes  the  polarization  of  the  incident  light  to  rotate 
by  an  angle  equivalent  to  the  twist  angle.  The  Hughes'  LCLV  twists  the  mole¬ 
cules  by  a  45°  angle.  An  analyzer  is  then  used  in  the  reflected  read  beam  of 
the  device  to  provide  an  amplitude-  or  phase-modulated  image  of  the  incident 
incoherent  image. 

The  operation  of  the  LCLV  can  be  more  easiy  understood  if  a  crossed 
polarizer/analyzer  pair  is  placed  between  the  I  LV  and  the  s<  urce  of  the 
read  light  such  that  the  polarizer  is  in  the  ident  read  beam  and  the 
analyzer  is  in  the  reflected  read  beam  (see  Figure  2).  Linearly  polarized 
light  which  is  incident  on  the  LCLV  will  be  twisted  by  a  45°  angle  on  its 
first  pass  through  the  liquid  crystal  layer.  The  light  will  then  be  twisted 
In  the  opposite  direction  by  45°  when  returning  through  the  liquid  crystal 
layer  after  reflection  off  the  dielectric  mirror.  Therefore,  the  exiting 


Figure  1.  Side  view  of  a  liquid  crystal  light  valve. 
NOTE:  From  Reference  [6] 
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light  will  be  in  phase  with  the  incident  light  which  would  be  blocked  by  the 
crossed  analyzer.  This  dark  field  off-state  of  the  device  is  logically  ex¬ 
plained  by  the  twisted  nematic  effect.  Care  is  exercised  so  that  experimen¬ 
tally  the  polarization  of  the  incident  light  entering  the  read  side  of  the 
device  is  aligned  along  the  preferential  direction  of  the  electrode  surfaces 
in  order  for  the  twisted  nematic  off-state  to  work  properly. 

The  polarization  of  the  light  can  also  remain  unchanged  by  the  applica¬ 
tion  of  a  voltage  across  the  electrodes  which  rotates  the  liquid  crystal  mole¬ 
cules  such  that  the  long  axis  of  the  molecules  are  oriented  perpendicularly  to 
the  electrode  surfaces.  This  condition  would  result  in  a  dark  on-state  but 
would  be  of  little  value.  However,  this  analogy  is  important  to  understand 
that  an  applied  voltage  between  the  full  "on"  and  full  "off”  state  exists  such 
that  the  LCLV  will  transmit  light  through  the  analyzer.  The  liquid  crystal 
molecules  affect  the  polarization  of  the  read  light  through  optical  birefrin¬ 
gence  when  the  orientation  of  these  molecules  is  between  a  horizontal  and  per¬ 
pendicular  alignment  with  the  electrodes.  This  occurs  for  some  intermediate 
voltage  between  the  full  "on”  and  full  “off"  states. 

The  performance  characteristics  for  the  Hughes'  LCLV  have  been  reported 
as:  resolution  of  60  lp/mm,  a  write-and-erase  cycle  of =b25  ms,  input  sensi¬ 
tivity  of  160  jjW/cm^,  and  nine  gray  scale  levels.  [6]  However,  actual  experi¬ 
mental  use  of  such  a  device  provided  a  maximum  resolution  of  20  lp/mm  and  an 
optimal  write-and-erase  cycle  of  ^50  ms.  Furthermore,  the  more  recent  Hughes' 
LCLVs  fabricated  have  a  resolution  of  10-20  lp/mm,  response  times  ofa=100  ms, 
and  a  present  cost  of  approximately  $30,000. 

III.  THE  AMORPHOUS  SILICON  SPATIAL  LIGHT  MODULATOR 

A  variation  of  the  Hughes'  LCLV  which  shows  great  promise  is  the  amor¬ 
phous  silicon  (ASi)  spatial  light  modulator  reported  by  Ashley  and  Davis.  [7] 
The  cadmium  sulfide  layer  of  the  LCLV  allows  for  reasonable  resolution  but  is 
slow  and  has  a  low  overall  input  sensitivity.  Crystalline  silicon,  on  the 
other  hand,  is  fast-acting  with  good  input  sensitivity  but  normally  has  low 
spatial  resolution  due  to  the  thickness  required.  The  amorphous  silicon  modu¬ 
lator  essentially  has  the  cadmium  sulfide  photoconductor  in  Hughes'  LCLV  con¬ 
figuration  replaced  by  an  amorphous  silicon  layer  »5  ym  thick.  The  use  of 
amorphous  silicon  provides  high  resolution  while  maintaining  the  speed  and 
sensitivity  of  crystalline  silicon.  Ashley  and  Davis  reported  a  resolution 
greater  than  35  lp/mm  while  achieving  an  input  sensitivity  of%20  yW/cm^  with 
their  device.  [7]  Figure  3(a)  shows  a  schematic  representation  of  this  device. 
Response  times  on  the  order  of  a  millisecond  are  expected  using  the  configura¬ 
tion  of  this  SLM. 

Furthermore,  Ashley,  Davis,  and  Tae  Kwan  Oh  have  recently  fabricated  an 
amorphous  silicon  SLM  which  is  optically  transmissive.  The  transmissive  ASi 
SLM,  shown  in  Figure  3(b),  is  similar  in  construction  to  the  device  in  Figure 
3(a).  The  transmissive  ASi  SLM  device  Incorporates  a  novel  electrode  design, 
located  between  the  photoconductor  and  the  liquid  crystal,  to  increase  the 
efficiency  of  the  field  switching  which  allows  for  the  use  of  a  thin  (<1  ym) 
ASi  layer  to  achieve  good  optical  transmission.  Furthermore,  the  center  elec¬ 
trode  structure,  consisting  of  aluminum  strips  approximately  2500  Angstroms 
thick,  generates  a  two-dimensional  field  profile  in  the  ASi  in  the  area  be¬ 
tween  the  strips.  This  profile  results  in  an  enhanced  contrast  between  the 
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on  and  off  state  of  the  SLM.  The  electrode  strips  in  this  device  are  12.5  ym 
wide  with  a  gap  spacing  from  12.5-100  wide.  This  SLM  was  tested  with  a 
HeNe  read  light  and  a  tungsten  white  light  source  for  writing.  These  light 
sources  were  coaxially  aligned  with  a  beamsplitter.  Spatial  resolution  was 
observed  to  be  greater  than  25  lp/mm  with  a  threshold  sensitivity  of  <3  pW/cm^. 
The  arrangement  of  the  aluminum  strips  as  vertical  bars  will  of  course  produce 
a  horizontal  diffraction  pattern  in  the  Fourier  transform  plane.  This  may  be 
disadvantageous  if  light  efficiency  is  a  primary  concern. 

IV.  THE  MODIFIED  LIQUID  CRYSTAL  TELEVISION  (MLCTV) 

In  recent  years,  small  inexpensive  Japanese-made  Liquid  Crystal  Televi¬ 
sions  (LCTV)  have  been  widely  used  in  optical  processing  experiments  because 
of  their  ease  of  operation  and  video  frame  rate  processing  speeds.  [8-9] 

The  liquid  crystal  television  is  normally  viewed  by  opening  a  hinged  structure 
which  supports  the  liquid  crystal  layer  sandwiched  between  two  polarizers  at 
a  45°  angle  with  respect  to  the  base.  This  angle  allows  ambient  room  light 
to  transmit  through  the  liquid  crystal  layer  and  the  television  image  is 
viewed  by  looking  at  the  reflected  light  from  a  mirror  located  on  the  base. 

The  hinge  structure  is  modified  to  a  90°  angle  for  optical  processing  purposes 
so  the  liquid  crystal  display  can  be  utilized  in  a  transmissive  mode.  This 
modification  also  requires  the  removal  of  the  frosted  glass  used  to  diffuse 
the  incident  ambient  light.  Furthermore,  the  inexpensive  polarizers  attached 
to  the  display  were  removed  and  replaced  with  better  quality  polarizers  in  the 
experimental  arrangement. 

The  basic  principles  governing  the  operation  of  the  Modified  Liquid 
Crystal  Television  (MLCTV)  are  similar  to  those  of  the  reflection-type  LCLV 
discussed  in  section  II  of  this  report.  However,  the  twist  angle  of  the 
MLCTV  is  90°  versus  the  45°  angle  of  the  reflection-type  LCLV.  This  is  nec¬ 
essary  due  to  the  fact  that  the  light  passes  only  once  through  the  liquid 
crystal  television  display  whereas  the  incident  read  light  of  the  LCLV  passes 
through  the  liquid  crystal  layer  twice.  Furthermore,  the  MLCTV  is  electri¬ 
cally  addressed  whereas  the  LCLV  is  optically  addressed.  The  electrode  ad¬ 
dressing  structure  of  the  MLCTV  produces  an  array  of  148  x  128  pixels.  Each 
pixel  is®*370  un  x  370  ja  square.  A  photograph  of  the  modified  liquid  crystal 
television  and  its  pixel  structure  is  shown  in  Figure  4. 

Figure  5  schematically  shows  the  operation  of  the  MLCTV's  liquid  crystal 
layer.  When  no  electric  field  is  present,  the  twisted  liquid  crystal  mole¬ 
cules  rotate  the  plane  of  polarization  by  90°  and  a  dark  off-state  occurs. 
Conversely,  when  an  electric  field  of  sufficient  strength  is  present,  the 
crystals  align  with  the  field,  thus  having  no  effect  on  the  plane  of  polar¬ 
ization  of  the  incident  light. 

The  MLCTV  has  been  shown  to  be  a  viable  candidate  for  optical  computing 
[10]  and  optical  pattern  recognition  [2]  applications.  The  response  time  of 
this  device  is  video  frame  rate  («s33.3  ms),  resolution  is  comparable  to  some 
LCLVs,  and  the  unit  cost  is  approximately  $30-$200. 
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Figure  5*  Operation  of  the  modified  LCTV’s  liquid  crystal  layer. 
NOTE:  From  Reference  [10]. 
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V.  THE  MAGNETO-OPTIC  SPATIAL  LIGHT  MODULATOR  (MOSLM) 


Another  promising  candidate  for  real-time  spatial  light  modulation  is  the 
magneto-optic  spatial  light  modulator  developed  by  Litton  and  Semetex.  [II] 

The  MOSLM  is  a  partially  transparent  array  of  pixels  on  a  semiconductor  chip. 
Each  pixel  is  made  of  a  magnetic  film  that  exhibits  binary  (left  or  right) 
Faraday  rotation  of  polarized  light.  Figure  6  schematically  shows  the  binary 
optical  modulation  of  a  pixel  via  the  Faraday  effect.  Each  pixel  is  as  58  pm 
x  58  square  and  the  current  generation  of  the  MOSLM  consists  of  a  128  x  128 
pixelated  array  which  has  an  effective  surface  area  of  approximately  1  cm^. 
Furthermore,  each  pixel  has  an  ion  implanted  corner  so  as  to  be  especially 
susceptible  to  a  magnetic  field  (see  Figure  7). 

The  polarity  of  each  pixel  can  be  controlled  by  means  of  currents  driven 
through  a  grid  of  conductors  surrounding  the  pixels  and  the  aid  of  an  exter¬ 
nally  applied  magnetic  field.  The  MOSLM  is  operated  by  simultaneously  driving 
currents  through  two  orthogonal  lines.  A  strong  field  is  produced  at  their 
intersection  thus  setting  the  polarity  of  the  implanted  corner  on  the  nearest 
pixel.  The  magnetic  domain  of  the  new  state  expands  to  cover  the  whole  pixel 
with  the  aid  of  an  externally  applied  magnetic  field  from  a  coil  surrounding 
the  semiconductor  chip.  [12] 

A  128  x  128  pixelated  device  with  driver  electronics  and  operating  soft¬ 
ware  from  Semetex  currently  costs  $18,500.  The  projected  future  cost  is  an¬ 
ticipated  to  be  comparable  to  present  semiconductor  chips  of  comparable  size 
due  to  the  device's  semiconductor-based  technology.  However,  the  optical 
efficiency  of  the  MOSLM  is  very  low  with  only  five  to  seven  percent  of  the 
incident  light  being  transmitted  through  the  device.  Litton  and  Semetex  are 
currently  conducting  research  to  remedy  this  problem  but  no  concrete  evidence 
of  an  improvement  is  presently  available.  Furthermore,  the  trade-off  between 
operating  speed  and  power  dissipation  has  not  received  much  attention.  Litton 
and  Semetex  have  estimated  cycle  times  of  upwards  of  10,000  frames/second  for 
the  current  generation  of  the  devices.  However,  ohmic  energy  of  0.4  yj  to 
0.8  yJ  is  dissipated  for  each  pixel  switched  and  a  total  of  1  W  dissipated  in 
the  thin  film  is  sufficient  to  overheat  the  commercially  available  devices. 
Therefore,  an  upper  limit  of  70  frames/second  is  established  for  the  commer¬ 
cial  MOSLM.  The  operating  software,  however,  actually  limits  the  response 
time  further.  Another  impedance  to  the  response  time  is  the  delay  required 
for  the  magnetic  field  produced  by  the  field  coil  to  reach  a  sufficient  oper¬ 
ating  level. 

The  MOSLM  is  a  fragile  device.  This  is  evident  by  the  limitation  placed 
on  the  power  dissipated  through  the  chip.  The  fly-wire  bonding  of  the  elec¬ 
trodes  to  the  semiconductor  chip  is  also  a  fragile  design  which  can  withstand 
only  minor  vibrational  shocks.  By  examination  of  Figure  8,  which  shows  a 
magnified  view  of  these  bonds,  the  delicacy  of  the  device  is  readily  apparent. 

The  MOSLM  costs  only  2/3  the  price  of  the  Hughes  LCLV.  Resolution  of  the 
device  is  limited  due  to  binary  representation  via  a  pixelated  array  of  an 
image.  Figure  9  shows  an  amplitude-modulated  image  on  the  128  x  128  pixelated 
device  using  a  HeNe  laser  for  illumination.  Although  current  response  times 
are  not  as  fast  as  the  LCLV,  the  theoretical  limit  of  70  frames/second  com¬ 
pares  favorably  to  the  20  frames/second  achieved  by  the  LCLV.  Skepticism 
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abounds  about  the  future  utilization  of  the  MOSLM  for  widespread  optical  com 
puting,  but  the  device  may  be  a  suitable  candidate  for  limited  applications 
in  optical  pattern  recognition  and  trucking. 


Figure  9 


.  An  amplitude-modulated  image  displayed  on  a  128  x  128  pixelated 
MOSLM. 
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VI.  THE  DEFORMABLE  MIRROR  DEVICE  ( DMD) 


A  deformable  mirror  device  developed  by  Texas  Instruments  Corporation 
has  also  shown  some  promise  as  a  spatial  light  modulator  for  optical  computing 
applications.  [1.3]  Typical  response  times  of  deformable  materials  are  in  the 
ps  range  whereas  the  response  times  of  liquid  crystals  are  typically  in  the 
millisecond  range.  Two  types  of  deformable  devices  have  been  explored  by 
Texas  Instruments.  One  of  these  devices  is  an  optically-addressable  deform¬ 
able  membrane  device  and  the  other  is  an  electrically-addressed  Deformable 
Mirror  Device  (DMD).  The  optically  addressed  membrane  device  reported  by  Pape 
[14]  only  worked  briefly  and  comparable  results  have  not  been  produced  with 
future  attempts.  The  electrically-addressed  DMD  appears  to  be  a  much  more 
viable  candidate  as  a  spatial  light  modulator. 

The  DMD  consists  of  an  array  of  mirrors  which  deflect  into  underlying 
wells  according  to  the  electrical  signal  applied  to  the  device.  This  electri¬ 
cal  signal  is  supplied  from  a  video  input.  A  coherent  read  light  is  used  to 
illuminate  the  surfaces  of  these  mirrors  and  the  reflected  light  beam  contains 
a  phase-modulated  image  of  the  original  video  input  scene.  The  two-dimensional 
array  of  air  gap  capacitors/mirrors  overlay  a  support  structure  of  square  wells 
etched  ^0.7  pm  deep.  Four  mirrors  are  hinged  at  the  corners  of  each  pixel 
which  are  defined  by  the  wells  with  openings  of  20  pm  x  20  pm  (see  Figure  10). 
The  underlying  support  structure  is  an  analog  silicon  address  circuit  which  is 
electronically  addressed  by  an  array  of  MOS  transistors.  Figure  11  shows  a 
perspective  view  of  this  device. 


Figure  L0.  The  deformable  mirror  device's  front  surface  mirrors. 
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Figure  11.  Perspective  view  of  the  deformable  mirror  device 


The  addressing  organization  of  the  DMD  is  shown  in  Figure  12.  The  op¬ 
eration  of  the  device  consists  of  serially  clocking  in  lines  of  video  into  a 
serial/parallel  (S/P)  converter.  Each  clocked  line  is  then  parallel  dumped 
onto  storage  registers  so  the  next  line  of  video  can  be  clocked.  The  drain 
lines  of  the  MOS  transistors,  which  are  connected  to  the  S/P  converter,  are 
charged  to  voltage  levels  representative  of  the  contents  of  the  storage  reg¬ 
isters  while  the  succeeding  line  of  video  is  being  clocked  in  by  the  S/P  con¬ 
verter.  A  decoder  then  momentarily  activates  the  gates  of  the  transistors  so 
the  line  of  video  can  be  stored  in  the  air  gap  capacitor  elements.  The  above 
process  is  continued  for  each  video  line.  The  charge  stored  in  each  air  gap 
capacitor  causes  the  array  of  mirrors  to  be  displaced  into  the  well  by  an 
electrostatic  force.  This  deformation  is  proportional  to  the  voltage  level 
intensity  of  the  stored  video  data  and  the  displacement  pattern  yields  a 
phase-modulated  image  when  read  with  a  reflected  beam  of  light.  [15] 

The  amount  of  time  required  for  each  video  line  to  settle  is  determined 
by  the  mechanical  response  of  the  mirrors  which  has  been  experimentally  meas¬ 
ured  to  be  *>25  pS.  Projected  operating  speeds  of  the  device  are  in  the 
neighborhood  of  7,000  frames /second.  [16]  The  first-order  diffraction  effi¬ 
ciency  of  the  Fourier  transform  of  a  phase-modulated  image  has  been  measured 
to  be  8.4  percent.  [17]  The  resolution  of  the  DMD  is  limited  by  its  128  x  128 
pixelated  array  with  each  pixel  etched  on  51  pm  centers-  Figure  13  shows  a 
checkerboard  image  produced  by  the  DMD  in  a  Schlieren  projection  system.  The 
present  devices  do  not  have  the  decoders  or  a  serial/parallel  converter  direct 
ly  on  the  chip  but  future  designs  are  to  include  these  elements  on-chip.  The 
major  source  of  defects  observed  with  the  operation  of  the  DMD  is  due  to  par¬ 
ticle  contamination  between  the  mirrors  and  the  silicon  address  circuit  which 
has  resulted  in  some  nonfunctional  pixels. 


Figure  12.  The  addressing  organization  of  the  DMD. 
NOTE:  From  Reference  [4j. 
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Figure  13.  The  image  of  a  checkerboard  pattern  using  the  DMD 
in  a  Schlieren  projection  system. 


The  DMD  is  still  in  the  develoument  stages  and  is  not  readily  available 
on  a  mass  production  oasis.  however,  the  response  time  of  the  DMD  is  signifi¬ 
cantly  greater  than  that  of  a  LCLV  and  the  cost  of  the  device  should  be  lower 
than  Hughes'  LCLV.  inis  is  due  to  the  VLSI  semiconductor  technology  employed 
in  the  addressing  circuit. 

Another  solid-state  SLM  which  is  commercially  available  is  Hamamatsu 
Corporation's  microchannel  spatial  light  modulator  (MSLM).  The  MSLM  consists 
of  a  photocathode,  a  microchannel  pLate  (MCP),  and  a  LiNbC>3  crystal.  [18] 
Figure  14  shows  how  the  MSLM  operates.  An  incoherent  image  is  input  to  the 
photocathode  where  it  is  converted  to  a  photoelectron  image.  An  electric 
charge  image  is  then  deposited  on  the  surface  of  the  LiNbC>3  crystal  after 
approximately  LO^  electron  multiplication  by  the  microchannel  plate.  These 
electric  charges  modify  the  electric  field  across  the  crystal  thereby  modu¬ 
lating  the  refractive  index  of  the  crystal.  By  illuminating  the  crystal 
from  behind  with  polarized  coherent  light,  a  phase  shift  of  the  reflected 
coherent  light  is  induced*  Then,  by  using  an  analyzer,  a  coherent  optical 
image  corresponding  to  the  input  image  is  obtained.  Hamamatsu  Corporation 
reports  a  spatial  resolution  of  10  lp/mm,  an  input  sensitivity  of  30  nJ/cm^, 
and  a  response  time  of  approximately  100  ms.  Furthermore,  the  MSLM  has  pre¬ 
processing  functions  capable  of  performing  image  addition  and  subtraction, 
edge  enhancement,  and  logic  operations.  The  cost  of  this  device  is  approxi¬ 
mately  $25, 000— $30,000. 
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Figure  14.  Operating  principle  of  Hamamatsu's  mlcrochannel  MSLM 


VII.  FERROELECTRIC  LIQUID  CRYSTAL  MODULATOR  (FLCM) 


The  ferroelectric  liquid  crystal  has  recently  been  considered  as  a  candi¬ 
date  for  optical  computing  applications.  [19]  The  electro-optical  modulation 
of  the  material  occurs  when  voltages  of  opposite  signs  are  applied  to  two 
electrode-coated  glass  plates  which  sandwich  a  slab  of  Ferroelectric  Liquid 
Crystal  (FLC).  The  voltages  selected  will  determine  the  optical  axis  orien¬ 
tation  which  can  assume  one  of  two  possible  forms,  both  of  which  are  parallel 
to  the  glass  plates  and  differ  by  an  angle  equivalent  to  twice  the  tilt  angle 
of  the  ferroelectric  material.  The  tilt  angle  of  most  ferroelectric  materials 
is  22.5°  over  a  wide  range  of  temperatures.  Therefore,  the  optical  axis  is 
electrically  rotated  by  an  angle  of  45°.  [5] 

Figure  15  illustrates  the  electro-optical  modulation  of  a  ferroelectric 
liquid  crystal  element.  The  polarization  of  the  FLC  is  chosen  so  the  incident 
light  is  either  parallel  or  perpendicular  to  one  of  the  voltage-selected  opti¬ 
cal  axis  orientations  so  the  light  will  be  transmitted  through  the  cell  un¬ 
affected.  However,  if  the  voltage  state  is  changed  to  a  voltage  of  equal  mag¬ 
nitude  but  opposite  polarity,  then  the  optical  axis  is  rotated  by  45°  from 
the  Incident  polarization.  The  thickness  of  the  material  is  chosen  so  a  total 
phase  shift  of  tt  will  occur  for  light  passing  through  the  cell  under  this 
condition.  Therefore,  the  incident  light's  polarization  will  be  rotated  by 
90°  for  a  dark,  field  effect.  Typical  voltages  used  for  the  modulation  of  FLC 
are  small  (^s+16  V). 

A  Ferroelectric  Liquid  Crystal  Modulator  (FLCM)  may  consist  of  an  array 
of  FLC  pixels.  Each  pixel  is  approximately  17  um  x  17  um  square  with  a  5  um 
spacing  between  each  pixel.  A  32  x  32  pixelated  array  has  been  fabricated  and 
tested  by  Johnson,  et  al.  [5]  The  contrast  ratio  of  the  device  was  measured 
to  be  125:1.  This  ratio  can  potentially  be  improved  by  correcting  for  the 
light  leakage  which  occurred  through  the  spacing  between  pixels.  The  switching 
speed  of  the  device  is  limited  by  the  maximum  allowable  power  dissipation  much 
like  the  MOSLM  discussed  in  section  V  of  this  report.  Switching  speeds  in 
the  microsecond  range  have  been  observed  with  this  modulator.  Furthermore, 
the  FLCM  is  useful  in  optical  logic  systems  due  to  the  stability  of  the  writ¬ 
ten  image.  This  image  can  be  retained  indefinitely  by  an  intrinsic  memory 

once  the  device  is  written  to  with  a  pulse  long  enough  to  switch  the  state  of 

the  FLC  ( a® 12  ys).  This  retention  is  also  observed  in  the  MOSLM  previously 

discussed. 

An  optically-addressed  FLCM  is  currently  being  developed  by  Kristina 
Johnson  and  Garrett  Moddel  at  the  University  of  Colorado,  Boulder.  Unlike 
the  above  mentioned  electrically-addressed  device,  this  modulator  is  not 
pixelated  and  contains  an  amorphous  silicon  photoconductive  surface  for  the 
operation  of  the  FLC  layer  similar  to  the  CdS's  role  in  the  LCLV's  nematic 
liquid  crystal  layer  discussed  in  section  II  of  this  report.  This  modulator 
will  only  represent  an  input  scene  with  a  binary-modulated  image.  Estimated 
cost  of  the  device  is  $L7,500  with  a  minimum  resolution  of  30  lp/mm,  contrast 
ratio  of  100:1  (possibly  greater),  and  a  response  time  in  the  microsecond 
range . 

The  optically-addressed  FLCM  would  surpass  the  performance  of  the  Hughes 
LCLV.  For  approximately  2/3  the  cost  of  a  LCLV,  one  could  expect  a  device 
with  50  percent  better  resolution  than  the  LCLV  and  response  times  in  the 
microsecond  range  as  opposed  to  *  100  ms  for  a  LCLV. 


Figure  15.  Electro-optical  mo 
liquid  crystal. 


NOTE:  From  Reference  [5],  p  386. 


VIII.  CONCLUSION 


The  modulators  discussed  in  this  report  do  not  comprise  an  all  inclu¬ 
sive  listing  but  only  represent  a  small  percentage  of  the  devices  that  are 
being  developed  or  are  available.  Some  other  modulators  include  a  silicon/ 
PLZT  SLM  [20],  a  photoemitter  membrane  light  modulator  [ 2 1 J ,  a  deformable  gel 
surface  SLM  [22],  and  a  micro-mechanical  light  modulator  [23].  Arthur  Fisher 
and  John  Lee  have  published  the  most  inclusive  listing  of  spatial  light  modu¬ 
lators  (SLM)  thus  far,  and  yet  even  this  list  is  not  complete.  [24]  The  pur¬ 
pose  of  such  listings  is  to  provide  optical  designers  with  the  necessary 
information  to  select  the  most  effective  SLM  for  their  application. 

Spatial  light  modulators  are  key  components  in  various  optical  compu¬ 
ting,  optical  pattern  recognition,  and  guidance  applications.  In  the  past, 
few  SLMs  were  widely  available,  but  presently  many  SLMs  are  available  and 
more  are  being  developed.  Each  modulator  has  advantages  and  disadvantages 
depending  on  the  application  for  which  it  is  to  be  employed.  The  SLMs  dis¬ 
cussed  in  this  report,  and  summarized  in  Figure  16,  are  being  investigated 
by  the  U.  S.  Army  Missile  Command's  Research,  Development,  and  Engineering 
Center,  Research  Directorate  located  at  Redstone  Arsenal,  Alabama  for  use 
in  optical  correlating  applications  such  as  pattern  recognition  and  tracking. 

The  forefront  of  SLM  technology  is  on  the  verge  of  an  explosion  of 
viable  devices  for  all  sorts  of  optical  processing  applications.  The  fer¬ 
roelectric  modulator  and  the  deformable  mirror  device  appear  to  be  leading 
this  assault.  All  indications  point  to  the  probability  that  a  library  of 
high-resolution,  fast-response,  cost-effective  SLMs  will  be  available  in 
the  near  future  for  the  optical  designer  to  choose  from  for  his  intended 
application. 
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Figure  16.  Summary  of  SLMs  and  key  operating  parameters 
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